ASBESTOS IS A GROUP of naturally occurring mineral fibers associated with the development of lung cancer and fibrosis (15) . Iron-containing asbestos fibers, such as crocidolite asbestos, can catalyze the formation of reactive oxygen species (ROS) through iron-dependent reactions occurring on the fiber surface and through frustrated phagocytosis of longer fibers (Ͼ8 m) (31, 32) . The production of ROS caused by asbestos is believed to be integral to the pathogenesis of fibrotic lung disease and cancers (15) .
Asbestos stimulates phosphorylation of extracellular signal-regulated kinases 1/2 (ERK1/2) at least partly through an oxidant-dependent pathway that is believed to be integral to pathological signaling in lung epithelium (3, 8, 41) . Upon phosphorylation, ERK1/2 can translocate to the nucleus where it induces c-fos and c-jun, leading to the activation of transcription factors intrinsic to proliferation and apoptosis (9) . Others have reported that ERK1/2 mediates the actions of both Ca 2ϩ and growth factors, resulting in activation of the Ca 2ϩ /cAMP-response element binding protein (CREB) (30) .
CREB is a 43-kDa transcription factor belonging to the basic leucine zipper family (11, 30) . CREB is activated upon phosphorylation of a serine at position 133 (Ser 133 ). Phosphorylation, in turn, initiates the recruitment of cofactors to the Ca 2ϩ /cAMP-response element (CRE), such as CREB binding protein (CBP300), that are necessary for transcriptional activation (14) . A diverse array of stimuli can activate a variety of pathways resulting in CREB phosphorylation and subsequent activation of gene transcription. The identified signaling cascades responsible for CREB activation include protein kinase A (PKA), PKC, Ca 2ϩ /calmodulin-dependent kinase, ERK1/2-stimulated mitogen-and stress-activated protein kinase, and p90 ribosomal S6 kinase (27, 30) .
CREB activation is regulated by the second messengers, Ca 2ϩ and cAMP. These two second messengers have been shown to regulate both ERK1/2-and PKA-mediated CREB phosphorylation (1, 26, 37) . Recent studies have provided evidence that the ERK1/2 and PKA pathways cooperatively regulate the expression and function of the CRE-regulated MAPK phosphatase-1 (MKP-1) (23), a dual-specificity phosphatase involved in the direct downregulation of ERK1/2 signaling (10). However, even though CREB has the capacity to regulate multiple gene targets (14) , there is little information regarding the role of Ca 2ϩ -and cAMP-mediated transcription in asbestos-induced signaling pathways and gene expression in lung epithelial cells.
We have previously shown that exposure to hydrogen peroxide (H 2 O 2 ) results in CREB activation that is partially dependent on ERK1/2 phosphorylation and important in the regulation of apoptosis (1) . Because of known cross talk between PKA, ERK1/2, and CREB in many cell types, the goal of this study was to determine their relative importance in asbestos-induced signaling. We tested the hypothesis that PKA and ERK1/2 are the central regulators of crocidolite asbestos-induced CREB activation in lung epithelial cells. Here, we demonstrate elevated CREB phosphorylation in both bronchiolar cells after inhalation of asbestos and in cultured C10 lung epithelial cells after exposure to crocidolite asbestos. Furthermore, we show that asbestos activates CREB through PKA and ERK1/2 and plays a role in regulating asbestos-induced apoptosis.
EXPERIMENTAL PROCEDURES
In vivo inhalation exposures. Experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication 85- 23, 1985) , and this study was approved by the University of Vermont Institutional Animal Care and Use Committee. C57Bl/6 mice (8 to 12 wk of age) were exposed to ambient air or crocidolite asbestos (7 mg/m 3 air, 6 h/day, 5 days/wk), followed by harvesting of lung tissue as described previously (12) . Briefly, mice were euthanized using pentobarbital (Abbott Laboratories, Abbott Park, IL), and the lungs were instilled with PBS. Left and right lobes were separated by suturing, fixed in formalin, and embedded in paraffin.
Immunofluorescence in paraffin-embedded lung sections. Eightmicrometer-thick sections of paraffin-embedded lungs were deparaffinized in xylene and then rehydrated in graded alcohols. Sections underwent antigen retrieval in 1ϫ Dako Antigen Retrieval Solution (Cambridge, UK) for 40 min at 95°C. Sections were permeabilized in 0.1% Triton X-100 in PBS for 10 min at room temperature (RT), washed in PBS, and then incubated with a blocking solution containing 3% goat serum for 1 h at RT. After aspiration of blocking solution, primary antibody (1:200; rabbit polyclonal phospho-CREB; Cell Signaling Technologies, Danvers, MA) diluted in 2% BSA plus 0.1% Triton X-100 in PBS (BSA/PBS-T) was added, and sections were incubated overnight at 4°C. Sections were then washed in PBS, and secondary antibody (1:400, Alexa Fluor 568 goat-anti-rabbit IgG; Molecular Probes, Carlsbad, CA) diluted in BSA/PBS-T was applied for 1 h at RT. Sections were washed in PBS, followed by incubation with nuclear counterstain, YOYO-1 iodide (1:10,000; Molecular Probes), 1 U/ml RNase, and 0.1% sodium azide in BSA/PBS-T for 30 min at RT. After being washed in PBS, coverslips were mounted onto slides with AquaPolyMount (Polysciences, Warrington, PA). For each section, confocal images were collected in fluorescence modes using a Bio-Rad MRC1024ES confocal scanning laser microscope (Hercules, CA).
Cell culture and treatment. C10 cells, a contact-inhibited, nontransformed murine alveolar type II epithelial cell line (13) , were grown in CMRL 1066 medium supplemented with L-glutamine, penicillin/ streptomycin, and 10% FBS (GIBCO BRL, Rockville, MD). Cells were grown to 90% confluence, and then complete medium was replaced with CMRL 1066 medium supplemented with L-glutamine, penicillin/streptomycin, and 0.5% FBS for 48 h before exposure to agents.
Crocidolite [Na2(Fe 3ϩ )2(Fe 2ϩ )3Si8O22(OH)2(ϮMg)] and chrysotile [(Mg)6(OH)8Si4O10(ϮFe)] asbestos fibers (National Institute of Environmental Health Sciences reference sample) were suspended in HBSS (GIBCO BRL) at a concentration of 1 mg/ml, sonicated, triturated 10ϫ through a 22-gauge needle to obtain a homogenous suspension, and then added directly to the medium at a final concentration of 5 g/cm 2 of culture dish surface area for the times indicated (12) . Glass beads (1-4 m; Particle Information Services, Kingston, WA), used as a nontoxic control particle, were suspended in HBSS at a concentration of 1 mg/ml, sonicated, and added directly to medium at a final concentration of 5 g/cm 2 for the times indicated. Forskolin and EGF (10 M for 10 min and 100 ng/ml for 5 min, respectively; Sigma, St. Louis, MO) were used as positive controls for induction of phospho-CREB and phospho-EGF receptor (phospho-EGFR), respectively. Control cultures received medium without agents and were treated identically.
The ERK1/2 inhibitor U0126 (10 M for 30 min before treatment) and the EGFR inhibitor AG-1478 (10 M for 1 h before treatment) were obtained from Calbiochem (La Jolla, CA). The PKA inhibitor H89 (10 M for 1 h before treatment) was obtained from Biomol (Plymouth Meeting, PA). All experiments were performed in triplicate.
Transient transfections with small interfering RNA. The siControl nontargeting small interfering RNA (siRNA) #2 and SMARTpool mouse CREB siRNA (50 M; Dharmacon, Lafayette, CO) were transfected into cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. CREB knockdown was determined by Western blot analysis after 48 h.
Immunofluorescence techniques in C10 cells. C10 cells were grown on glass coverslips for all experiments. After experimental exposures, immunofluorescence to detect phospho-CREB was performed as previously described (1, 36) . Briefly, cells were washed with PBS, fixed Fig. 1 . Crocidolite asbestos exposure leads to rapid and prolonged Ca 2ϩ /cAMP-response element binding protein (CREB) phosphorylation in both bronchiolar and C10 lung epithelial cells. A: C57Bl/6 mice were exposed to ambient air or crocidolite asbestos (7 mg/m 3 air; 6 h/day; 5 days a wk) for 4 or 30 days, and lungs were preserved and sectioned as described in EXPERIMENTAL PROCEDURES. Phospho-CREB (red) was detected by immunofluorescence in paraffin sections. Nuclei were stained with YOYO-1 (green). Colocalization of signals is represented in white. B: phospho-CREB (red) was detected by immunofluorescence after C10 cells were exposed to 5 g/cm 2 of crocidolite asbestos (Croc) for the indicated time points. Asbestos fibers are blue. in 3.7% formaldehyde, permeabilized with Ϫ20°C methanol, and incubated with blocking solution containing 2% BSA in PBS. Cells were incubated with primary antibody (rabbit polyclonal phospho-CREB; Cell Signaling Technologies, 1:200) diluted in BSA/PBS-T overnight at 4°C. Secondary antibody (Alexa Fluor 568 goat-antirabbit IgG; Molecular Probes, 1:400) diluted in BSA/PBS-T was applied for 1 h at RT, and nuclear counterstain was applied as described above. Coverslips were mounted onto slides with AquaPolyMount (Polysciences, Warrington, PA). For each sample, confocal images were collected in fluorescence modes as described above.
Western blot analyses. After C10 cells were exposed to agents as described above, the medium was aspirated, and the cells were washed twice with cold PBS and collected in 4ϫ sample buffer (200 M Tris, pH 6.8, 4% SDS, 4 mg/ml bromophenol blue, 0.04% 2-mercaptoethanol, 40% glycerol, 2 M pyronin-Y). The amount of protein in each sample was determined using the RC/DC protein assay (Bio-Rad, Hercules, CA). Sixty micrograms of protein was separated by 10% SDS-PAGE and transferred to nitrocellulose. Western blots were performed as described previously (1), using antibodies specific to total and phosphorylated CREB (rabbit polyclonal anti-CREB, Cell Signaling Technologies, 1:1,000; rabbit polyclonal anti-phospho-CREB, Cell Signaling Technologies, 1:500), total and phosphorylated ERK1/2 (rabbit polyclonal anti-ERK1/2, Cell Signaling Technologies, 1:1,000; rabbit polyclonal anti-phospho-ERK1/2, Cell Signaling Technologies, 1:500), phospho-PKA substrate antibody (rabbit monoclonal anti-phospho-PKA substrate, RRXS*/T*, Cell Signaling Technologies, 1:5,000), MKP-1 (rabbit polyclonal anti-MKP-1, Santa Cruz, 1:1,000), MKP-3 (rabbit polyclonal anti-MKP-3, Santa Cruz, 1:1,000), and ␤-actin (mouse monoclonal ␤-actin, Abcam, Cambridge, MA, 1:2,000). Antibody binding was detected using HRP-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, 1:5,000) or HRP-conjugated anti-mouse secondary antibody (Amersham Biosciences, Piscataway, NJ, 1:3,000), followed by chemiluminescence (Kirkgaard and Perry Laboratories, Gaithersburg, MD). QuantityOne (Bio-Rad) was used to quantify band density and was normalized to total protein.
Quantitative RT-PCR. Total RNA was extracted with TRIzol reagent and chloroform, precipitated with isopropanol, washed with 75% ethanol, and then dissolved in RNase free water. Isolated RNA was then DNase treated (Qiagen, Valencia, CA) and cleaned using a Qiagen RNeasy kit. RNA was quantified using the NanoDrop spectrophotometer (34) .
One microgram of RNA was reverse-transcribed using a Promega reverse transcription kit (Madison, WI). A probe and primer set was used to detect mkp-1 (probe: CGGCTTCCTGCCCTGAGCTGTGC; sense primer: TTCTCCAAGGAGGATATGAAGCG; antisense primer: CCGGATTCTGCACTGTCAGG). PCR products were detected by TaqMan Real Time RT-PCR, as previously described (22), using hprt as the internal standard. Standard curves were produced to compare the quantity of mRNA between mkp-1 and hprt for data analysis.
Detection and quantitation of apoptosis. Detection of apoptosis was performed as previously described (33) . Briefly, cell monolayers grown on glass coverslips were treated with crocidolite asbestos for 24 h, fixed in methanol for 24 h at Ϫ20°C, boiled for 5 min in PBS containing 5 mM MgCl 2, and then immersed in ice-cold PBS for 10 min. Cells were blocked with 40% FBS and then incubated with Apostain F7-26 (10 g/ml; Alexis Biochemicals, San Diego, CA) followed by HRP-conjugated secondary antibody (1:400, goat antimouse IgM; Jackson Laboratories, West Grove, PA). To visualize secondary antibody binding, the peroxidase substrate DAB (Sigma) was used. Coverslips were mounted onto slides with AquaPolyMount (Polysciences) for subsequent examination using bright field light microscopy. To determine the numbers of apoptotic cells and total cell numbers per field, five random fields were evaluated per experimental condition at ϫ400 magnification on duplicate coverslips.
Statistical analysis. Differences between treatment groups were assessed by one-way analysis of variance or Student's t-test where indicated. The analyses were based on nonnormalized data, and pairwise comparisons between treatment groups were performed using the Holm Sidak method. Differences were considered statistically significant at P Ͻ 0.05. Table 1 for quantified data. Fig. 3 . Reduction of EGF receptor (EGFR) and extracellular signal-regulated kinases 1/2 (ERK1/2) activity decrease crocidolite asbestos-mediated CREB activation. A: C10 cells, preincubated with 10 M U0126 for 30 min, were treated with 10 M forskolin for 10 min or 5 g/cm 2 crocidolite asbestos at the indicated time points and then analyzed by Western blot for p-CREB, total CREB, and phospho-ERK1/2 (p-ERK1/2). Phosphorylated activating transcription factor (p-ATF) is a CREB family member that is recognized by the p-CREB antibody and closely correlates with CREB. B: C10 cells were preincubated with 10 M AG-1478 for 1 h and then treated with 200 M H2O2 for 10 min or 100 ng/ml EGF for 5 min or 5 g/cm 2 crocidolite asbestos at the indicated time points. p-CREB was then detected by Western blot analysis. An antibody recognizing total CREB was used as a control for protein loading in A and B. Refer to Table 1 for quantified data.
RESULTS

Asbestos inhalation results in an increase in CREB phosphorylation in bronchiolar epithelial cells.
To support a pathophysiological role for CREB in asbestos-mediated lung injury, a murine model of asbestosis after inhalation of crocidolite asbestos was used to detect patterns of CREB activation in bronchiolar epithelial cells. Lungs from sham and asbestosexposed animals were examined over a time frame corresponding to the development of peak epithelial cell proliferation (3 days) and fibrosis (30 days) (6). Nuclear phospho-CREB levels were dramatically elevated, primarily in bronchiolar epithelial cells exposed to crocidolite asbestos for 4 days, a time point associated with proliferation, and 30 days, a time point associated with fibrosis (Fig. 1A) . CREB phosphorylation was particularly prominent in areas developing peribronchiolar fibrotic lesions observed at the 30-day time point.
Crocidolite asbestos stimulates CREB phosphorylation in C10 lung epithelial cells. To investigate mechanisms underlying asbestos-mediated signaling through phosphorylation of CREB, CREB activation was assessed following exposure of C10 cells to crocidolite or chrysotile asbestos. Crocidolite asbestos exposure (5 g/cm 2 ) led to focal increases in phospho-CREB-positive cells as detected by immunofluorescence at the site of fiber deposition (Fig. 1B) . Crocidolite asbestos stimulated a significant increase in the phosphorylation of CREB after 2, 4, 8, and 24 h of exposure (Fig. 2) . Although the magnesium-containing, serpentine fiber chrysotile did not induce a significant increase in CREB phosphorylation, there was a definite trend toward increased CREB phosphorylation at later time points. Glass beads (data not shown) did not stimulate CREB phosphorylation. Together, these data suggest that asbestos fiber composition and shape are important in the timing and level of the CREB response.
Crocidolite asbestos-induced CREB phosphorylation is regulated by both the ERK1/2 and PKA pathways. Pretreatment of cells with the MEK1/2 inhibitor, U0126, led to a decrease in CREB phosphorylation in response to crocidolite asbestos compared with the DMSO vehicle control (Fig. 3A and Table 1 ), indicating a role for ERK1/2 in the asbestos-mediated response. In the presence of the EGFR inhibitor, AG-1478, asbestos-induced CREB activation was inhibited only at early time points (Fig. 3B and Table 1 ), suggesting an early role for EGFR in crocidolite asbestos-induced CREB activation. Furthermore, forskolin-induced CREB phosphorylation was inhibited by the reduction of EGFR activity with AG-1478 (159.82 Ϯ 35.50 vs. 17.01 Ϯ 13.81; n ϭ 3) (data not shown), suggesting that PKA may contribute to EGFR-meditated CREB phosphorylation.
Using an antibody that recognizes phospho-PKA substrates, we observed that short exposure to crocidolite asbestos generated a phospho-substrate pattern similar to forskolin-treated cells (Fig. 4A) . To determine the contributions of PKA in the observed asbestos-induced CREB phosphorylation, cells were evaluated with or without pretreatment with the PKA inhibitor, H89. Pretreatment of the cells with H89 substantially reduced the crocidolite asbestos-mediated CREB phosphorylation ( Fig.  4B and Table 1 ). Because recent studies have shown that PKA regulates the ERK1/2 pathway through Raf-1 (5, 7), the role of PKA in the activation of ERK1/2 was examined. Inhibition of PKA activity did not affect crocidolite asbestos-induced ERK1/2 phosphorylation (Fig. 4B) . However, treatment with forskolin led to the phosphorylation of ERK1/2 that was sensitive to H89 (59.06 Ϯ 8.22 vs. 13.77 Ϯ 9.04; n ϭ 3) Fig. 4 . Inhibition of PKA reduces asbestos-induced CREB but not ERK1/2 phosphorylation. A: C10 cells were treated with 10 M forskolin for 10 min or 5 g/cm 2 crocidolite asbestos at the indicated time points and then analyzed by Western blot analysis with the phospho-PKA substrate antibody. An antibody recognizing ␤-actin (Actin) was used as a control for protein loading. B: C10 cells, preincubated with 10 M H89 for 1 h, were treated with 10 M forskolin for 10 min or 5 g/cm 2 crocidolite asbestos at the indicated time points and then analyzed by Western blot analysis for p-CREB, total CREB, p-ERK1/2, and total ERK1/2. Refer to Table 1 for quantified data. ( Fig. 4B) , demonstrating a link between PKA and ERK1/2. Together, these data suggest a significant role for both PKA and ERK1/2 in crocidolite asbestos-induced CREB activation.
Reduction of PKA and ERK1/2 activity reduces the number of cells undergoing apoptosis after asbestos exposure.
We have previously shown that crocidolite asbestos induces a significant increase in the percentage of cells undergoing apoptosis (3). To determine whether activation of the PKA and ERK1/2 signaling pathways are essential for asbestos-induced apoptosis, C10 cells pretreated with either H89 or U0126 were exposed to crocidolite asbestos, and apoptotic cells were identified by Apostain. Both H89 and U0126 significantly suppressed crocidolite asbestos-induced apoptosis compared with asbestos-treated vehicle control cells (22.08% Ϯ 3.80 vs. 12.97% Ϯ 2.97 and 14.24% Ϯ 3.45, respectively, P Ͻ 0.001, n ϭ 3) (Fig. 5) . These data suggest that the activation of PKA and ERK1/2 is important for the onset of asbestos-induced apoptosis.
Crocidolite asbestos exposure leads to upregulation of MKP-1. Because of interactions between CREB and ERK1/2, the role of the CRE-regulated MAPK phosphatase, MKP-1, in the regulation of crocidolite-induced cell signaling was examined. Crocidolite asbestos led to a significant increase in mkp-1 mRNA levels after 2, 4, and 8 h of exposure (Fig. 6A) . A corresponding increase in MKP-1 protein level was also detected in response to asbestos exposure, which was selective to the extent that there was no effect on another MAPK phosphatase, MKP-3 (Fig. 6B) .
Since our data indicate that transcription of mkp-1 is upregulated in response to crocidolite asbestos exposure, we further investigated the role of CREB in the regulation of asbestosstimulated mkp-1 induction. siRNA specifically targeting mouse CREB1 transcript (siCREB) was utilized to suppress CREB expression. Scrambled siRNA, nonspecific to any known mouse genes (siControl), was used as a control. Transfection of C10 cells with siCREB, but not siControl, suppressed basal levels of CREB expression (Fig. 7A) . Surprisingly, knockdown of CREB expression did not affect crocidolite asbestos-induced mkp-1 induction (Fig. 7B) . However, knockdown of CREB resulted in a dramatic decrease in crocidolite-stimulated ERK1/2 phosphorylation (Fig. 7C) . These results suggest that although induction of CREB expression may not be necessary for transcription of mkp-1, it is an important regulator of the ERK1/2 pathway.
Reduction of CREB activity significantly increases the number of cells undergoing apoptosis after asbestos exposure.
To determine whether CREB is the specific downstream mediator of ERK1/2-and PKA-induced apoptosis in response to asbestos, CREB was selectively removed in C10 cells using siCREB, and apoptotic cells were identified by Apostain. Unlike the results with inhibitors of ERK1/2 and PKA, si-CREB did not inhibit apoptosis mediated by crocidolite asbestos (Fig. 8, A and B) . Moreover, siCREB cells exposed to asbestos had significantly higher levels of apoptosis than the siControl cells exposed to asbestos (15.40% Ϯ 1.78 vs. 28.40% Ϯ 4.15, P Ͻ 0.001, n ϭ 3) (Fig. 8, A and B) , supporting a selective role for CREB in the regulation of apoptosis induced by asbestos.
DISCUSSION
Asbestos fibers play an important role in the pathogenesis of many occupational lung diseases, including asbestosis, pleural plaques, and lung cancer (15) . However, the cell signaling mechanisms involved in the pathogenesis of these diseases are not clearly understood. Here, we first demonstrate that PKA activity is important to asbestos signaling mechanisms by showing a link between crocidolite asbestos-mediated activation of PKA, ERK1/2, and the CREB transcription factor in lung epithelial cells. Furthermore, we show that in vivo lung injury by crocidolite asbestos leads to rapid and prolonged phosphorylation of CREB in bronchiolar epithelium.
The average concentration of asbestos (7 mg/m 3 air) used in our inhalation studies is similar to concentrations of airborne asbestos used in past workplace settings before the development of occupational safety standards and giving rise to lung diseases in humans (Health Effects Institute, Asbestos Research, Panel Report on Asbestos in Public and Commercial Buildings, Cambridge, MA, 1991). It is difficult to determine how in vitro concentrations of asbestos relate to human exposures over time, but concentrations and time points of asbestos used here have been previously characterized to result in both apoptosis and compensatory cell proliferation (3).
Numerous studies from our group have shown that crocidolite asbestos fibers trigger multiple signaling cascades, including MAPKs and NF-B (16, 24) . Recent research suggests that the generation of oxidants during the phagocytic burst and frustrated phagocytosis of long fibers may be responsible for the initiation of cell signaling (15) . Alternatively, asbestos fibers may interact with receptors triggering cell signaling pathways through metals that cause aggregation and phosphorylation of these receptors (18, 42) . Jimenez et al. (8) have shown crocidolite asbestos-induced ERK1/2 phosphorylation in rat pleural mesothelial cells that is partially inhibited in response to the antioxidants catalase and N-acetyl-cysteine and by chelation of surface iron from the fibers.
Crocidolite asbestos has the capacity to activate several signaling pathways that may communicate with CREB. We have previously demonstrated that ERK1/2 is persistently phosphorylated in response to crocidolite asbestos in lung epithelial cells (3, 40) . Here, we show that crocidolite asbestosmediated ERK1/2 activation is partially responsible for crocidolite asbestos-induced CREB phosphorylation. The Ras/ ERK1/2 pathway has been shown to be regulated through PKA and its regulation of the serine/threonine kinases Raf-1 and B-Raf (5, 7). Although PKA is partially responsible for crocidolite asbestos-induced CREB phosphorylation, PKA does not regulate the ERK1/2 pathway, indicating that PKA and ERK1/2 are acting independently in response to crocidolite asbestos.
Many studies have suggested a functional involvement of PKA in the mitogenic signals transmitted through the EGFR. An increase in cAMP levels causes tyrosine phosphorylation of the EGFR in many, but not all, cell types (19, 20) . Moreover, Fig. 8 . Knockdown of CREB expression significantly increases the number of cells undergoing apoptosis after exposure to crocidolite asbestos. A: C10 cells transfected with siControl or siCREB were treated with crocidolite asbestos for 24 h and analyzed by bright field microscopy using an antibody specific for single-stranded DNA (Apostain). B: quantification of percent apoptosis (number Apostain-positive cells/total cells) in response to crocidolite asbestos. *P Ͻ 0.001 compared with untreated siControl. #P Ͻ 0.001 compared with asbestosexposed siControl. the tyrosine kinase activity of EGFR is required for growth factor stimulation of adenylyl cyclase activity, which leads to the activation of PKA (17, 21) . In our study, we found that CREB phosphorylation following crocidolite asbestos exposure was reduced by inhibiting PKA and EGFR activity. Moreover, forskolin-induced CREB phosphorylation was inhibited by the reduction of EGFR activity. Together, these data suggest that PKA is downstream of EGFR and may be an important regulator of CREB through the ERK1/2 signaling pathway in lung epithelial cells responding to crocidolite asbestos.
The dual-specificity phosphatase, MKP-1, is involved in the direct downregulation of MAPK signaling by dephosphorylating both Thr and Tyr residues within their consensus sequence (10) . MKP-1 is regulated at the transcription level by two CRE sites in its promoter region (35) , indicating that CREB may play a feedback role in fine-tuning ERK1/2 signaling. PKA and Ca 2ϩ , the potent activators of CREB, both contribute to the activation of mkp-1 (4, 29, 35) . In this study, we show that mkp-1 induction is significantly increased in response to crocidolite asbestos at time points corresponding to CREB phosphorylation. However, knockdown of CREB expression does not affect mkp-1 induction. Similar to our findings, Ryser et al. (28) showed that the transactivation of the MKP-1 promoter in thryotropin-releasing hormone-stimulated neuroendocrine cells is not correlated with an increase in recruitment of CREB or CBP compared with unstimulated cells. Together, these data suggest that CREB activation by asbestos parallels induction of mkp-1, but other CREB-related transcription factors may also be involved in regulating the activation of mkp-1 induction.
In addition to transcriptional regulation, growth factor signals regulate MKP-1 at the protein level. Recent studies have shown that MKP-1 is a substrate for ERK1/2 phosphorylation, which serves to reduce ubiquitin-dependent degradation of MKP-1 (2). Furthermore, Pursiheimo et al. (23) provided evidence that the ERK1/2 pathway and PKA cooperatively regulate the expression and function of MKP-1 protein. Here, we show that total MKP-1 and phosphorylated ERK1/2 are increased simultaneously in response to crocidolite asbestos, indicating that MKP-1 protein expression is not enough to downregulate ERK1/2 activation in response to crocidolite asbestos. However, knockdown of CREB expression significantly reduced ERK1/2 phosphorylation in response to crocidolite asbestos, suggesting that CREB-stimulated transcription leads to induction of genes involved in the regulation of ERK1/2 pathway in response to crocidolite asbestos.
We have previously demonstrated that exposure to crocidolite asbestos causes a striking increase in apoptosis in lung epithelial cells that is followed by compensatory cell proliferation (3). Our current findings implicate an important role for CREB in crocidolite asbestos-induced apoptosis. We show that inhibition of the CREB-activating kinases, PKA and ERK1/2, significantly decreases asbestos-induced apoptosis. Our findings are similar to that of another group that has shown that inhibition of PKA activity with H89 suppressed transforming growth factor-␤1-induced apoptosis (39) . Moreover, data from Upadhyay et al. (38) show that the loss of ERK1/2 activity increases amosite asbestos-induced apoptosis in A549 human alveolar epithelial cells. It is clear that the regulation of apoptosis by ERK1/2 and PKA is complex and may be differentially regulated by fiber composition and dose of insult. In contrast to our inhibitor studies, specific knockdown of CREB expression increases sensitivity to asbestos-mediated apoptosis in lung epithelial cells. The knockdown results are in line with findings in both neurons and vascular smooth muscle cells where reduction of CREB activity induces apoptosis, which can be rescued by overexpression of Bcl-2 (14, 25) . However, these data differ from our inhibitor studies and previous studies where expression of dominant negative CREB (CREB133) was shown to reduce apoptosis following oxidant exposure (1) . Possible reasons for the discrepancies are 1) the knockdown with siCREB results in loss of CREB, whereas the CREB133 competes at the level of chromatin activity, 2) the inhibition PKA and ERK1/2 not only inhibits the ability of these kinases to activate CREB but also inhibits cross talk with other pathways, and 3) differences between oxidants and asbestos induced responses in that asbestos may activate CREB through pathways that are both oxidant dependent and independent resulting in a different physiological outcome. Likewise, the differences in physiological outcome could explain the incomplete effect of oxidant scavengers of crocidolite asbestosstimulated ERK1/2 activation (8) .
In summary, our data show that responses of lung epithelial cells to crocidolite asbestos in vivo and in vitro lead to rapid and prolonged phosphorylation of CREB. Furthermore, we show an intricate signaling cascade that involves signaling through PKA-and ERK1/2-dependent activation of CREB that potentially leads to negative feedback regulation through MKP-1 induction (Fig. 9 ). This mechanism may be involved in the maintenance of a physiologically relevant level of ERK1/2 Fig. 9 . Schematic of proposed mechanism of asbestos-induced CREB activation and regulation. Upon exposure to crocidolite asbestos, both the PKA and ERK1/2 pathways are activated, subsequently resulting in the phosphorylation of CREB. Upon phosphorylation, CREB dimerizes and binds to the Ca 2ϩ / cAMP-response element (CRE), resulting in CRE-mediated transcription of genes including mkp-1. There is a possible feedback mechanism with MKP-1 regulating ERK1/2 activation. activity after crocidolite asbestos exposure, thus functioning as a backup mechanism to ensure a proper response in target cells. Together, our data indicate that cross talk between PKA, ERK1/2, and CREB is likely to play an important role in the development of fibrosis related to asbestos-mediated lung injury.
